INTRODUCTION {#sec1-1}
============

Diabetic retinopathy (DR) is a leading cause of visual impairment in the working aged population in industrialized countries. Greater than one-third of patients with type 2 diabetes mellitus have at least one microvascular complication at diagnosis, either retinopathy, neuropathy, and/or nephropathy.[@ref1] In addition, approximately one-quarter of all patients develop severe sight-threatening levels of retinopathy.[@ref2] By far, the most common complications of diabetes are diabetic macular edema (DME) and proliferative diabetic retinopathy (PDR).

There are two main categories of DR, nonproliferative diabetic retinopathy (NPDR) and proliferative diabetic retinopathy (PDR). DME may be present in both. Moderate vision loss in patients with diabetes is secondary to DME resulting from leakage of retinal vessels while severe vision loss is often secondary to intraocular angiogenesis, characteristic of PDR. Inflammation, ischemia, and vitreoretinal traction are all associated with the development of DR, although the pathogenesis of DR is still not completely understood. Another contributing factor is chronic hyperglycemia, which results in the overproduction of reactive oxygen species (ROS) in the mitochondria, especially in tissues with high oxygen demand, such as the retina. This begins a cascade of events that ultimately manifest as DR. As new molecules/factors in the pathogenesis of DR are elucidated, new therapies are emerging.

The management of DR begins with improved glycemic control. The diabetes control and complications trial (DCCT) reported up to a 76% decrease in the progression of DR in type 1 diabetic patients receiving intensive insulin therapy during a 9 year period[@ref3] and a persistent reduction in risk for four additional years, despite hyperglycemia.[@ref4] The United Kingdom Prospective Diabetes Study was performed in type 2 diabetics and reported similar findings to DCCT, as well as decreased diabetes-related complications in patients undergoing aggressive blood pressure management.[@ref5][@ref6]

Other therapies for DR, directly targeting the retina, include panretinal photocoagulation (PRP) and focal laser photocoagulation. The diabetic retinopathy study (DRS)[@ref7] reported a 50% reduced risk of severe vision loss in eyes with high-risk PDR treated with PRP. The early treatment of diabetic retinopathy study (ETDRS)[@ref8] reported that PRP reduced the risk of severe vision loss to \<2% if performed in a timely fashion. In addition, as the results of ETDRS[@ref9] showed that moderate vision loss secondary to clinically significant macular edema (CSME) in patients with diabetes could be reduced with focal or grid laser photocoagulation treatment, this has remained a mainstay of treatment since 1985. Laser photocoagulation for DME was defined by ETDRS results where focal laser was indicated for focal lesions located between 500 and 3000 μm from the center of the macula (noncenter-involving).[@ref8][@ref10] Grid laser photocoagulation with a milder power than focal laser photocoagulation is indicated for DME within 500 μm from the center of the macula (center-involving DME).[@ref8][@ref10] These therapeutic modalities can greatly reduce visual morbidity due to DR although their use can be limited by associated adverse events or side effects. This has led to the search for additional therapies, including pharmacotherapies, for the treatment of DR.

Currently, DR can be managed with a variety of pharmacotherapies, and there are others on the horizon. The purpose of this review was to describe past, current, and emerging pharmacotherapies for the treatment of DR as well as to discuss future directions.

PAST, CURRENT, AND EMERGING PHARMACOTHERAPIES {#sec1-2}
=============================================

Potential therapies for DR aim to block angiogenic growth factors or other intracellular signaling pathways, as well as disrupt the inflammatory cascade.

Blockade of angiogenesis and increased retinal vascular permeability {#sec2-1}
--------------------------------------------------------------------

### Inhibitors of vascular endothelial growth factor {#sec3-1}

Vascular endothelial growth factor (VEGF) is a glycoprotein with four isoforms. An increase in retinal VEGF concentrations and retinal neovascularization has been demonstrated in the setting of hypoxia,[@ref11] and has been implicated in the pathogenesis of DR. Current medications that inhibit VEGF include pegaptanib (Macugen, Pfizer, New York, NY) -- a ribonucleic acid aptamer, ranibizumab (Lucentis, Genentech, Inc., South San Francisco, CA) -- a humanized monoclonal antibody fragment, bevacizumab (Avastin, Genentech, Inc.) -- a recombinant full-length humanized monoclonal antibody and aflibercept (Eylea, Regeneron, Tarrytown, NY) -- a soluble decoy receptor fusion protein \[[Table 1](#T1){ref-type="table"}\].[@ref12][@ref13][@ref14]
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All of the aforementioned anti-VEGF agents are used in the treatment of DR, although pegaptanib has fallen out of favor since the introduction of ranibizumab and bevacizumab. Early studies with pegaptanib showed that there were better visual acuity (VA) outcomes in patients treated with pegaptanib than sham and that there was a decreased need for additional laser therapy. Sultan *et al*.[@ref14] reported a VA gain of ≥10 letters in 36.8% of patients treated with pegaptanib versus 19.7% of untreated patients (*P* = 0.0047) at 54 weeks.

Soon after the introduction of pegaptanib, intravitreal ranibizumab, and bevacizumab emerged. Studies evaluating the efficacy of intravitreal ranibizumab for the treatment of DME have reported significantly better VA outcomes with treatment compared to controls. In the Diabetic Retinopathy Clinical Research Network (DRCR.net)[@ref15] study, performed in patients with decreased VA and center-involving DME, intravitreal ranibizumab with deferred (≥24 weeks) or prompt focal/grid laser photocoagulation was found to be superior to focal/grid laser alone at 1-year. Although grid laser photocoagulation is currently indicated for the treatment of center involving DME, there is a continuing search for additional treatment modalities as laser photocoagulation alters the anatomy of the retina. In addition, results from DRCR.net[@ref16] showed that in the short-term, eyes with center-involving DME receiving prompt PRP at the same time as focal/grid laser were more likely to have increased ME and greater VA loss than eyes without central DME receiving prompt PRP without focal/grid laser.

In the RISE and RIDE[@ref17] studies, patients treated with ranibizumab 0.3 mg and 0.5 mg had significantly improved VA outcomes with more patients losing \<15 letters when compared to sham. In RISE,[@ref17] a VA gain of ≥15 letters was reported in 18.1, 44.8, and 39.2% of sham, ranibizumab 0.3 mg and ranibizumab 0.5 mg groups, respectively, at 24 months (*P* \< 0.0001 and *P* \< 0.001, respectively). Similar findings were also reported in RIDE[@ref17] with 33.6% and 45.7% of patients in the ranibizumab 0.3 mg and 0.5 mg groups, respectively, compared to 12.3% in the sham group (*P* \< 0.0001 for both) gaining 15 letters. Notably, in RIDE[@ref17] the proportion of patients losing \<15 letters was not significantly different between the sham-injection and ranibizumab 0.5 mg groups (*P* = 0.1384). The beneficial effects of ranibizumab on DME were evaluated in the RESTORE study and were sustained long-term.[@ref18] The LUCIDATE study,[@ref19] reported improved retinal function and structure in patients with DME treated with ranibizumab compared to macular laser therapy. Studies have also demonstrated improved visual outcomes in patients with DR treated with intravitreal bevacizumab compared to sham/observation or laser.[@ref20] The BOLT study reported an increase in the mean best-corrected VA (BCVA) in the bevacizumab group and a decrease in mean BCVA in the laser group at 12 months.[@ref20]

A more recently approved medication for the treatment of DME is aflibercept. Studies have showed superiority of intravitreal aflibercept over laser in functional and anatomic endpoints with BCVA gains from baseline of 12.5, 10.7 and 0.2 letters at 52 weeks in the aflibercept 2 mg every 4 weeks (q4wk), aflibercept 2 mg q8wk and laser groups, respectively (*P* \< 0.0001).[@ref21] The DA VA Informatics and Computing Infrastructure study also reported more favorable VA outcomes in patients receiving aflibercept compared to laser (*P* ≤ 0.0085) at 24 weeks.[@ref22] The efficacy of intravitreal anti-VEGF agents for the treatment of PDR has been demonstrated by multiple studies, and the use of these medications has expanded greatly, as often, these medications are used as first-line therapies.[@ref11][@ref12]

### Other inhibitors of angiogenesis {#sec3-2}

The success of current anti-VEGF therapies has made the way for other anti-VEGF agents. KH902 is a VEGF receptor (VEGFR) decoy, which blocks ocular neovascularization by binding VEGF and placental growth factor (PlGF).[@ref23] 4 weeks after intravitreal injection of KH902, KH902-treated rats exhibited improved retinal electrophysiological function, less retinal vascular leakage, and decreased levels of VEGFR2, PlGF, and PI3K (all involved angiogenesis), than sham or bevacizumab-treated rats.

Other drugs that ultimately affect the production and/or function of VEGF include rapamycin, decursin, and bevasiranib. Rapamycin (Sirolimus, MAcuSight, Inc., Union City, CA) is a macrolide antibiotic that can lead to upstream blockade of VEGF production. Studies have showed that subconjuctival rapamycin can lead to improvements in VA and foveal thickness in patients with DME,[@ref24] although no significant recent successes with this medication have been reported. Decursin, a compound isolated from the root of *Angelica gigas Nakai*, induces phosphorylation of VEGFR2 and inhibits neovascularization.[@ref25] Yang *et al*.[@ref25] found that systemic decursin attenuated glucose-induced proliferation and angiogenesis in animal models of DR. Intravitreal administration of short interfering ribonucleic acids targeting VEGF have been reported to prevent retinal and choroidal neovascularization in mice.[@ref26] The RNAi assessment of bevasiranib (OPKO Health Inc., Ontario, Canada) in DME (RACE) trial was a phase II investigation of the preliminary efficacy and safety of bevasiranib and showed a trend toward decreasing macular thickness with a dose-dependent effect.[@ref27]

Numerous other molecules have also been identified as inhibitors of angiogenesis, including pigment epithelium-derived factor (PEDF), and have become targets for the development of anti-angiogenic medications.[@ref28] Pigment epithelium-derived factor has been reported to be the most potent endogenous anti-angiogenic agent[@ref28] and studies have shown that intravitreal injection of exogenous PEDF reduces areas of retinal neovascularization and induces apoptosis of vascular endothelial cells.[@ref29] Bai *et al*.[@ref30] reported that *in vivo* and *in vitro* administration of PEGylated-PEDF (a polyethylene glycol carrier) prevented neovascularization. Liu *et al*.[@ref31] reported that PEDF bioactive derivatives reached the retina via a topical formulation delivered to the surface of the eye and that treatment with these derivatives reduced DR complications in mice.

Previous studies have also evaluated the effects of systemic somatostatin analogs, such as octreotide (Sandostatin, Novartis, East Hanover, NJ) on DR as somatostatin expression is downregulated in DR.[@ref32][@ref33][@ref34][@ref35] Grant *et al*.[@ref32] reported a decreased incidence of progression to PDR needing PRP in patients treated with octreotide and Boehm *et al*.[@ref33] reported a decreased incidence of progression to PDR and vitreous hemorrhage requiring vitreoretinal surgery in patients treated with octreotide. In addition, one study reported effective treatment of DME with the use of octreotide.[@ref34] More recently, studies have found that topical somatostatin analogs may prevent retinal neurodegeneration in diabetic model animals.[@ref35]

Insulin growth factor (IGF-1) is also an important regulator of angiogenesis and has been directly implicated in the pathogenesis of DR. Blocking the IGF-1 receptor by pegvisomant, a mutated growth hormone, may have favorable effects on DR, although currently, one study in patients with PDR reported that subcutaneous treatment with pegvisomant did not produce regression of diabetic retinal neovascularization at 24 weeks.[@ref36]

Another medication studied for the treatment of DR is TG100801 (TargeGen, Inc., San Diego, CA), a topical tyrosine kinase inhibitor. It has been shown to decrease VEGF-mediated retinal leakage, angiogenesis, and inflammation.[@ref37] Another tyrosine kinase inhibitor, pazopanib (Votrient, Glaxo Smith Kline, East Durham, NY) blocks VEGFR (VEGFR1, VEGFR2, and VEGFR3) and platelet-derived growth-factor receptor (PDGFR). Pazopanib eye drops were studied in animal models with diabetes and were found to significantly reduce leukostasis and the vitreous-to-plasma protein ratio, therefore alleviating retinal complications in DR.[@ref38] Another topical medication, mecamylamine, antagonizes the nicotinic acetylcholine receptor pathway, inhibiting angiogenesis. Thus far, while this medication is well-tolerated, its efficacy in DR is unclear.

Small molecules are also in development for the treatment of DR. GLY-230, an oral medication in phase II trials, is a selective inhibitor of glycation that leads to inhibition of VEGF and PEDF.[@ref39] Glycated albumin emerged as a target for therapy in DR as it is increased in diabetes and is toxic to retinal pericytes.[@ref40] Studies have reported that inhibiting the formation of glycated albumin mitigates vitreous changes in angiogenic and metabolic factors associated with the DR.[@ref39]

Blockade of inflammation {#sec2-2}
------------------------

A second mechanism for the development of DR is based on increased intraocular inflammation. For this reason, medications such as corticosteroids--which inhibit the production of prostaglandins and leukotrienes, and nonsteroidal anti-inflammatory (NSAID) agents--which inhibit the production of prostaglandins, have been utilized for the treatment of DME. Corticosteroids can be administered intravitreally, subtenon or topically, including periocular injection and eye drops. Miyamoto *et al*.[@ref41] reported that intravitreal triamcinolone acetonide (IVTA) reduces macular edema as soon as 1-h postinjection. 3-year data from DRCR.net[@ref42] showed no increased benefit of intravitreal triamcinolone (1.0 mg or 4.0 mg) over focal/grid laser photocoagulation in patients with DME with a VA gain of 5, 0, and 2 letters in laser and triamcinolone 1.0 mg and 4.0 mg. In addition, there was a significantly higher rate of cataract extraction in the triamcinolone groups (*P* \< 0.001 for both groups).[@ref42] Boyer *et al*.[@ref43] showed significant improvement in BCVA and reduction in central retinal thickness (CRT) in patients treated with dexamethasone intravitreal implant (Ozurdex, Allergan, Inc., Irvine, CA) at 3 years. Dexamethasone is more potent than triamcinolone and may be associated with higher rates of elevated intraocular pressure. One advantage of the corticosteroids, over other medications, is that they are dosed less frequently, often every 3 months versus monthly for anti-VEGF agents. Corticosteroids can also be used in combination with other therapies, including anti-VEGF agents and/or laser treatment, for greater overall effect. Goto *et al*.[@ref44] reported improvement in BCVA and significant improvement in mean retinal thickness (*P* = 0.006) in patients treated with corticosteroid eye drops, difluprednate ophthalmic emulsion 0.05%. Currently, in patients unresponsive to laser photocoagulation, corticosteroids show promise in the treatment of DME, especially in pseudophakic patients.

One of the most recent medications to be Food And Drug Administration-approved for the treatment of DME is a fluocinolone acetonide intravitreal implant (Iluvien, Alimera Sciences, Inc., Alpharetta, GA). Studies have shown improvement in BCVA in patients receiving fluocinolone at 36 months, with an improvement of ≥15 letters in 29 (*P* = 0.018), 28 and 19% of patients in the low-dose (0.2 g/day), high-dose (0.5 μg/day) and sham groups, respectively.[@ref45] In addition, patients with DME for 3 or more years, were more likely to achieve a ≥15 letter gain in BCVA compared to patients in the sham group (*P* \< 0.001 and *P* = 0.002, low-dose and high-dose, respectively).[@ref45] Another fluocinolone acetonide implant, Retisert (Bausch and Lomb, Rochester, NY), has also been used for the treatment of DR. The fluocinolone acetonide implant is active for about 36 months and the dexamethasone implant is active for about 3 months.

As prostaglandins and other inflammatory molecules have been implicated in the pathophysiology of DR, they have become targets for potential therapy. Schoenberger *et al*.[@ref46] reported significantly decreased aqueous and vitreous levels of interleukin 8 and decreased vitreous levels of PDGF-AA, both factors implicated in intraocular inflammation, in patients with DR treated with topical ketorolac 0.45%, a topical NSAID. Similarly, other studies have also reported on the use of topical NSAIDs for the treatment of DME. In a small case series of patients with DME treated with nepafenac 0.1% (Nevanac, Alcon, Ft. Worth, TX), average central foveal thickness decreased significantly, from 417 μm to 267 μm after a mean of 178 days.[@ref47] Another study found inhibition of diabetes-induced microvascular abnormalities with nepafenac treatment.[@ref48] Another medication, baicalein, was found to suppress inflammatory processes and inhibit vascular abnormalities and neuron loss in retinas of diabetic model animals.[@ref49]

Two medications known to block the inflammatory molecule tumor necrosis factor-α are etanercept (Enbrel, Amgen, Inc., Thousand Oaks, CA and Wyeth, Madison, NJ) and infliximab (Remicade, Centocor, Horsham, PA). One of the effects of etanercept is to reduce intercellular adhesion molecule-1 (ICAM-1) expression, involved in the mediation of leukocyte adhesion to the vasculature and the progression of endothelial cell injury in DR. The effects of etanercept on DR require further evaluation as there are few studies evaluating its efficacy, one of which reported no significant improvement in refractory DME.[@ref50] On the other hand, intravitreal infliximab has been shown to lead to functional and anatomic improvement in DME in a small case series.[@ref51] Interferon α-2a (IFNα) has anti-inflammatory and anti-proliferative properties. In a case report, one patient with refractory DME was found to have a drastic improvement in BCVA and CRT as a result of treatment with subtenon injection of the natural leukocyte IFNα.[@ref52]

Blockade of signal transduction pathways {#sec2-3}
----------------------------------------

### Protein kinase C β inhibition {#sec3-3}

Protein kinase C β (PKC β) is a serine/threonine kinase that is activated during the signal transduction mechanism initiated by VEGF. Aiello *et al*.[@ref53] reported that selective inhibition of PKC β *in vitro* prevented VEGF-mediated cell growth and inhibition of PKC α stimulated cell growth. In animal studies, PKC β inhibition alleviated the decline in retinal blood flow associated with DR, helped prevent increased vascular permeability[@ref54] and reduced the stimulus for neovascularization.[@ref55] Ruboxistaurin (LY333531) mesylate (Arxxant, Eli Lilly/Takeda, Indianapolis, IN) is a selective inhibitor of PKC β1 and β2 isoforms. While some studies have not been able to clearly demonstrate a treatment effect from ruboxistaurin, the Protein Kinase C (PKC) Beta Inhibitor-Diabetic Retinopathy Study (PKC-DRS) and PKC-DRS2 showed significantly reduced occurrence of sustained moderate visual loss by 41% (*P* = 0.011) and reduced encroachment of CSME to the center of the macula in patients treated with ruboxistaurin compared to placebo.[@ref56] In addition, treatment with ruboxistaurin was shown to increase the improvement in VA in patients with moderately severe to very severe NPDR.[@ref56] PKC-412 is also an inhibitor of PKC and has been found to prevent the formation of retinal neovascularization in mice when administered orally.[@ref57] In a randomized, multicenter, double-masked study, patients treated with oral PKC-412 had a decrease in CRT and improvement in VA (*P* = 0.007) in the 100 mg/day group.[@ref58]

### Inhibition of other signal transduction pathways {#sec3-4}

Aldose reductase produces sorbitol during glucose metabolism in patients with diabetes, depriving cells of glutathione and increasing oxidative stress. Studies in diabetic animals have reported decreased prevalence of microaneurysms, basement membrane thickness, VEGF expression, and gliosis in retinas with treatment with aldose reductase inhibitors (ARI).[@ref59][@ref60] To date, many of the older ARIs have not been found to be efficacious, significantly beneficial and/or tolerable in patients, including: Sorbinil, tolrestat, lidorestat, and ponalrestat.[@ref61] Newer ARIs have shown greater success in animal studies, with greater selectivity for aldose reductase and greater potency. These medications include ARI-809, epalrestat, and fidarestat.[@ref60] Hattori *et al*.[@ref61] studied fidarestat *in vivo* and reported significantly decreased concentrations of sorbitol and fructose in the retinas of diabetic model rats with less leukocyte accumulation (*P* \< 0.01) and suppression of ICAM-1 expression.

Poly (ADP ribose) protein (PARP), a nuclear enzyme, is activated in diabetic retinas and can lead to DNA damage and oxidative stress.[@ref62] PJ-34 is a PARP inhibitor that has been found to inhibit the loss of pericytes and the formation of acellular capillaries in diabetic mice.[@ref62] Another molecule, apocynin--a ROS inhibitor, has been reported to prevent diabetes-induced upregulation of PARP in the retina.[@ref63]

The renin-angiotensin system (RAS) has been implicated in the pathogenesis of DR, as studies have reported increased levels of renin, prorenin, and angiopoietin-2 (Ang-2) in the vitreous of patients with DR.[@ref64] As RAS upregulates VEGF, ICAM-1, and nuclear factor-kB (NF-kB), inhibition of this system may lead to a decrease in these inflammatory factors. Studies in diabetic rats have shown that treatment with oral valsartan--angiotensin-I (AT-I) receptor antagonist and subcutaneous PD123319--AT-II receptor antagonist, diminishes increased retinal VEGF expression.[@ref65] On the other hand, the appropriate blood control in diabetes trial did not show benefit with ACE-inhibitor treatment in patients with DR.[@ref66]

Fasudil (Asahi Kasei Pharma Corporation, Tokyo, Japan) is a rho-associated protein kinase inhibitor has that been studied for the treatment of DME. Studies report that fasudil protects the vascular endothelium by inhibiting neutrophil adhesion and reducing neutrophil-induced endothelial injury. There are reports of improvement in DME with use of intravitreal fasudil and intravitreal bevacizumab in patients with persistent DME after macular laser photocoagulation and multiple intravitreal injections of bevacizumab.[@ref67]

Another target for treatment in the signaling pathway for DR is Wnt, a cysteine-rich glycoprotein that contributes to retinal inflammation, vascular leakage, and neovascularization. Mab2F1 is a monoclonal antibody directed against the Wnt coreceptor and studies in DR models have demonstrated that Mab2F1 can reduce retinal vascular leakage and block the overexpression of inflammatory/angiogenic factors.[@ref68]

Intravitreal anti-VEGF treatment can lead to the upregulation of connective tissue growth factor (CTGF), increasing the risk of fibrosis and tractional retinal detachment. In an effort to diminish the upregulation of CTGF, anti-CTGF agents are emerging. One such medication is a transfection reagent-treated nonviral vector carrying an anti-CTGF short hairpin RNA (shRNA). Hu *et al*.[@ref69] reported ameliorated retinal microvessel ultrastructural damage in patients treated with combination therapy of an anti-VEGF agent and a CTGF shRNA than in patients with monotherapy. The second study, the DEGAS study,[@ref70] showed a dose-related tendency toward improvement in BCVA in DME patients treated with the RTP-801 gene.

Disruption of the vitreoretinal interface {#sec2-4}
-----------------------------------------

It is believed that some complications of DR may be secondary to the interactions between the vitreous and retinal surface. Nasrallah *et al*. reported a significantly higher rate of a posterior vitreous detachment (PVD) in diabetic patients without macular edema than those with macular edema, speculating that the vitreous may have a role in the development of DME.[@ref71] Currently, the only available intravitreal medication for inducing a PVD is ocriplasmin (Jetrea, ThromboGenics, Iselin, NJ) and there are no data for its efficacy in DR. Intravitreal hyaluronidase (Vitrase, ISTA Pharmaceuticals, Irvine, CA) also disrupts the vitreoretinal interface and its use has shown some efficacy in reducing vitreous hemorrhage secondary to PDR.[@ref72]

Other mechanisms of action and therapies {#sec2-5}
----------------------------------------

Current data for other therapies for DR are emerging, but limited. Xu *et al*.[@ref73] developed a gene-based intraocular erythropoietin therapy, AAV2-CMV-hEPO and reported long-term protective effects on diabetic retinas when administered systemically in rats. Another study evaluated the effects of S-nitrosoglutathione eye drops in an experimental animal DR model, reporting mitigated nitrosative stress and slowing of the early structural changes in the retina, with improved retinal function.[@ref74] It is thought that diabetic stimuli may trigger reactive nitrogen species generation, leading to inflammation and tissue injury. Therefore, mitigation of this nitrosative stress may prevent and/or treat DR.

Advanced glycation end-product (AGE) inhibitors have recently emerged as possible therapies for DR. The accumulation of AGEs and their interaction with receptors (RAGEs) adversely affects the microvasculature in patients with diabetes. Kaji *et al*.[@ref75] reported significantly inhibited blood-retinal barrier breakdown, increased leukostasis and decreased expression of ICAM-1 in the retinas of mice with AGE inhibition. Aminoguanidine, an inhibitor of AGE formation, used in diabetic dogs, showed diminished pericyte drop-out, reduced progression of vascular occlusion and inhibited abnormal endothelial cell proliferation.[@ref76] Multiple AGE inhibitors have been developed and are being evaluated for use in humans with DR, including OPB-9195, ALT-711, LR-90, N-phenacylthiazolium bromide and alagebrium.[@ref77]

Curcumin, peroxisome proliferator-activated receptor-gamma upregulator, has been studied as a potential treatment and while results show a beneficial effect in inhibiting the pathways responsible for DR, no definitive studies have demonstrated its use as an effective therapy in humans. One study by Steigerwalt *et al*.[@ref78] showed that treatment with Meriva, a lecithin delivery system of curcumin, led to improvement in VA and retinal edema compared to controls (*P* \< 0.025 and *P* \< 0.05, respectively).

Combination therapies {#sec2-6}
---------------------

Response to intravitreal monotherapy can vary and may not be adequate, but combination therapy has yielded better results. The RESTORE study showed a greater improvement in mean BCVA in patients treated with both intravitreal ranibizumab and laser than in patients treated with monotherapy.[@ref18] Similarly, Gilles *et al*.[@ref79] reported an increased likelihood of a 10-letter improvement in BCVA from baseline in patients treated with IVTA and laser versus only laser at 2 years. On the other hand, the READ-2 study reported no significant difference in visual outcomes in the combination therapy group, although combination treatment provided an improvement in BCVA and a greater decrease in macular edema with fewer injections.[@ref80]

Future therapies {#sec2-7}
----------------

The future of treatment of DR relies not only on the development of medications targeting molecules crucial to the pathogenesis of DR, but also on the development of novel delivery techniques. In order to maximize the treatment effect and minimize systemic adverse effects, targeted delivery of medication to the retina is ideal.

The administration of pharmacotherapies for DR in a topical form, like eye drops, is ideal as it is not invasive and minimizes associated systemic effects. Data are emerging that medications administered as eye drops are able to reach the retina in therapeutic concentrations. In addition, the use of depot deposits and trans-scleral delivery may allow for sustained effect of medication. Medications or genes might also be able to be delivered to the retina via an adenovirus.

Future targets for the development of therapies for the treatment of DR include hepatocyte growth factor, matrix metalloproteinase 9 (MMP-9), monocyte chemotactic protein-1 (MCP-1), kallikrein, Ang-2, and NF-kB. Hepatocyte growth factor has been found to increase retinal vascular permeability *in vivo* and is increased in the serum of patients with PDR[@ref81] and MMP-9 has been found in increased concentrations in the retina and vitreous of patients with diabetes.[@ref82] Inhibition of these two molecules may prevent DR or cause regression of PDR. An increase in MCP-1 in retinal vascular endothelial cells has be associated with hyperglycemia and MCP-1 levels in the vitreous have been reported to be increased in patients with diabetes.[@ref83] MCP-1 receptor antagonism is being evaluated in ongoing studies in patients with DME as previous studies have reported a potential role for MCP-1 in altering the blood-retina barrier. Kallikrein activation has been shown to contribute to increased retinal vascular permeability in patients with DME.[@ref84] Similarly, Ang-2 has been associated with an increase in retinal vascular permeability.[@ref85] The effects of these molecules on vascular permeability make them novel targets in the treatment of DR. Finally, NF-kB inhibition shows promise as treatment with pyrrolidinedithiocarbamate, an NF-kB inhibitor, in an animal model of ischemic retinopathy, resulted in the suppression of ischemia-induced retinal neovascularization.[@ref86]

Many of these studies have been found effective in animal models, and the next step is to further develop these medications with the eventual goal of administration in humans. Efficacy and safety data for many of the aforementioned medications are sparse since data are limited to case reports and small retrospective or prospective studies. As the exact mechanisms involved in the pathogenesis of DR are elucidated more therapeutic targets will emerge, and the armamentarium of treatment options for DR will expand greatly.

CONCLUSION {#sec1-3}
==========

While PRP and focal laser photocoagulation are the standard of care for the treatment of high-risk PDR and focal DME, the damaging effects of laser therapy and other potential complications make these treatment modalities less than ideal. On the other hand, PRP is often still necessary for the inducing a more permanent regression of vessels, as the effects of anti-VEGF therapy are transient. Unfortunately, these treatment modalities are associated with significant adverse events and sometimes patients are unresponsive to therapy. For this reason, in the search for novel pharmacotherapies for the treatment of DR, the aim is to deliver optimal visual results with a reasonable safety profile and decreased treatment burden.

The ideal medication for the treatment of DR is fast-acting, long-lasting and above all, safe. As the development of DR is a multifactorial process, involving inflammation and ischemia, future therapies, especially combination therapies, targeting different pathways may lead to more favorable outcomes.
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